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Time Dependent Density Functional Response Theory Calculation of Optical Rotation as a
Method for the Assignment of Absolute Configuration of Camphor-Derived Furyl
Hydroperoxide and Alcohol
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The absolute configuration oR}-(+)-camphor-derived furyl hydroperoxide and alcohol, which exhibit a
number of stable conformations, has been successfully accomplished on the basis of time dependent density
functional response theory (TDDFT) calculations of optical rotation. Assuming standard approximations, it
has been found that the results are improved by using populations for the conformers derived from free
energy differences instead of the commonly used PES minimum differences. This represents the first
computational study devoted to the direct determination of absolute configuration of an optically pure
hydroperoxide, without any need of its further chemical derivatization.

1. Introduction
In principle, the absolute configuration (AC) of a chiral

SCHEME 1: Two-Step Route to Camphor-Derived
Furyl Hydroperoxide 2

molecule can be assigned by comparing the experimental and

computed specific rotation at one or more frequencies in the
transparent spectral region. According to the general methodol-
ogy, [o] at the working frequencies is calculated for both
possible ACs; then the result is compared to the experimental
value, and the AC giving the closest agreement to experiment
will be the correct ACL This approach for the AC assignment
has received in the past few years a revival of attention mainly
because of the development of reliable procedures of calculation
for the prediction of accurate optical rotations. Historically,
Hartree-Fock (HF) based metho#ifave been the first to be
developed and applied to the study of a variety of rigid and
flexible molecules:* Nowadays, more reliable methodologies
of calculation have been introduced, on the basis of density
functional theory (DFT}®and the coupled-cluster (CC) methbd.
However, much of the literature relative to these recent methods
concerns the study of rigid molecules, and few exan¥es
available regarding the case of flexible molecules exhibiting a
number of stable conformations.

In connection with investigations devoted to the synthesis of
racemi€ and enantiopuf@ hydroperoxides to be used in
asymmetric oxidation%;1! it has been recently shown that
tertiary enantiopure furyl hydroperoxid® i.e., (IR,2R4R)-2,

can be efficiently obtained by the two-steps sequence depicted

in Scheme 1. Treatment of easily availabi®-(+)-camphor
with 2-furyllithium in THF gave almost exclusively RI2R,4R)-1
(exo/end®7/3), which was smoothly converted into diastere-
oisomerically pure hydroperoxidzby reaction with hydrogen
peroxide in acidic mediuri

The stereochemistry of the new generated asymmetric carbo

furan, n-BuLi Amberlyst-15 OOH
—_— OH —MMMM
-20°C to 50°C 50% Hy0,, THF

60% “o rt, 60% P

1 2

noted that this methodology requires reduction of hydroperoxide
to alcohol, which is then converted into the corresponding
benzoate or naphthoate derivative. To the best of our knowledge,
up to now, no direct determination of the absolute configuration
of tertiary enantiopure hydroperoxides has been developed either
by experimental or theorethical methods. In consideration of
the growing interest toward the synthesis and employment of
optically pure alkyl hydroperoxide’$,the development of a
simple and straightforward way to determine their absolute
configuration is highly desirable.

Chiral compoundd and 2 are of interest as they represent
two new cases of study for the recently suggested computational
protocol for the assignment of the absolute configuration of
molecules exhibiting several stable conformatidMoreover,
as far as we know, the use of the free energy for determining
the conformational populations for the prediction of the optical
rotation of flexible molecules has not yet been fully explored.
Then, as a second goal, this paper is aimed at providing further
evidence in favor of the theoretical procedure proposed for the
AC assignment and at showing, at least for the molecules here
considered, that the use of free energy differences for the
determination of populations of the various conformers of a

Texible molecule may improve the agreement with the experi-

2 in the bicyclic skeleton of the oxidaBthas been assigned by mental results

NOESY experiment on the alcohol derived frogh after
reduction with PBP, a process known to proceed by retention
of configurationt?2 Absolute configuration of optically pure
secondari? hydroperoxides have been previously determified
by exciton-coupled circular dichroism (ECCB)It has to be

* Corresponding author. E-mail: rzanasi@unisa.it.

2. Experimental Section

Hexane and chloroform were purchased by Aldrich. UV and
CD spectra of diastereoisomerically pur&®(dR,4R)-2-exchy-
droxy-2-ende(2-furyl)-1,7,7-trimethylbicyclo[2.2.1]heptané)(
and (R 2R 4R)-2-exchydroperoxy-2endo(2-furyl)-1,7,7-trimeth-
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Figure 1. CD and UV spectra of a hexane solution of alcohol
(1R 2R 4R)-1 (c = 0.85 g/100 mL).
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Figure 2. CD and UV spectra of a hexane solution of hydroperoxide
(1IR,2R4R)-2 (c = 0.85 g/100 mL).

TABLE 1: Specific Rotations at Different Concentrations
for (1R,2R,4R)-1 and (1R,2R,4R)-2 in Chloroform and
Hexane

[a]3’ of (1IR2R4R)-1 [0]% of (IR2R4R)-2

in chloroform in hexane in chloroform in hexane
—39.4€1.58) —34.1€0.85) —50.4€1.00) —65.0(0.85)
—29.4€0.80) —28.6€0.50) —50.3€0.50) —65.90.50)
—27.8€0.30) —28.3(€0.25) —50.0€0.25) —63.8(0.25)
—26.7€0.12) —26.8€0.11) —50.5€0.10) —62.1€0.1)
—27.2 (dil ) —27.4 (dil) —50.3 (dil») —60.1 (dil )

aThe specific rotations are in deg [dm(g/®in?, the concentrations
c are in g/100 mL.

ylbicyclo[2.2.1]heptane2) were recorded in hexane solution
on a JASCO J-600 spectropolarimeter at°®5 The spectra
are reported in Figures 1 and 2.

The contribution of these CD bands ]} is easily worked
out by means of the simple formulas for Krorigramers
transforms reported by Moscowitz. For the alcohol the
contribution turns out to be-83.3, whereas the two bands of
the hydroperoxide give a contribution 6f22.2 (15.8+ 6.4).

Lattanzi et al.

concentrations, by means of a JASCO DIP-1000 digital pola-
rimeter. The results are collected in Table 1, which also reports
the extrapolation at infinite dilution, i.e., the intrinsic rotatibn,

in both solvents.

In the case of alcohol, it can be noticed that: (i) almost no
solvent-solute effect is observed, as the intrinsic rotations
converge to the same value; (ii) a nonlinear variation of the
specific rotations with increasing dilution is detected, which may
indicate the presence of solutsolute interactions (aggregation).

In the case of hydroperoxide, the specific rotations at any
dilution depend on solvent. In particular the specific rotation
in chloroform remains more or less constant with dilution,
suggesting a negligible interaction among the solute molecules,
while in apolar hexane the trend ef]p with concentration could
indicate a certain degree of aggregation for the hydroperoxide
molecules.

3. Optical Rotation Calculations

According to Stephens et &l.the specific rotation at a
wavelengthl of the incident radiation of a macroscopic sample
of a chiral molecule exhibiting stable conformations is

’ee(ﬁ)
[a], = 100

1)

Z X [al;; (Ey)

where ee(p) is the percentage enantiomeric excess of the
enantiomer g x; is the fractional population of conformér

and [o];i(E1) is the specific rotation of conformer of
enantiomer Eat wavelengtht. Hence, in the case of known
enantiomeric excess, the knowledge of the conformational
structures and populations as well as of the specific rotations
[a].i(Eq) is required to make useful predictions. The calculation
of the optical rotation for each conformeat a wavelength in
the transparent spectral region is carried out by means of the
molecular parametet, '8 which is directly connected to the trace
of the frequency dependent electric dipole-magnetic dipole
polarizability tensoiG', i.e.

[a];; = 1.34229x 10787 (n* + 2)/3M 2

p=— 2 TG )] ®)

c@=-25 Y (uimmoy @
o e o
h;wjz—wz ”l

where the angular frequeney = 27v = 2nc/A = 27cv; the

specific rotation is in units of deg [dm(g/é&h1, 3 is in units

of (bohry, the radiation wavenumber is in ¢ n is the

refractive index of the mediunh is the molar mass in g/maej;

is the transition frequency from ground st&é@€to excited state

[jJ 4 and m are the electric and magnetic dipole operators,

respectively. Indeed;' depends on the conformational structure.
It is recognized by some auth&tgb-1%that at the sodium D

line, B is in general a small quantity as two of the diagonal

The experimental specific rotations, at the sodium D line under components o6’ almost cancel the third one. As a consequence,
ambient temperature measured for the same solutions used teven small changes in the electronic distribution may produce

record the CD spectra (see first row of the following Table 1)
are —34.1 and —65.0 for (IR2R4R)-1 and (R 2R4R)-2

rather large contributions to the computed optical rotation value.
Such changes may be induced by several factors as, for example,

respectively. It is interesting to observe the inversion of sign the choice of basis set, electron correlation, solvent effect,

for the hydroperoxide.

equilibrium geometry, vibrational contributions, and last but not

Specific rotations, at the sodium D line and room temperature, least, the effect of dispersion passing from a static to a dynamic
have been measured in hexane and chloroform at differentapproach. All these effects have been deeply explored and found
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to be very significant, 71920also sometime cooperating to give
fortuitous cancellation of errors. Currently, there seems to be a
general agreement on the computational requirements needed J B

for reliable optical rotation predictiors; i.e., the use of a ao P

dynamic method together with a proper treatment of the electron _. .

- - L - Figure 3. Scheme of the dihedral angles used for the PES scan of
correllatlon and .the.use of large basis sets_ containing dlffuse(lR’ZRAR)_l: 4= C1-C2-C-0, 8 = C1-C2-O—H, where C1 and
functions. Considering the CD spectra of Figures 1 and 2, the 3 are on the camphor skeleton and numerated according to IUPAC.
simplified computational approach recently repottechnnot

be used.

In the following we will present calculations of optical
rotation carried out by means of state-of-the-art time dependent
density functional response theory (TDDETYor the dipole
length fogma.hsm’ as Implement?d within the TURBOMOLE Figure 4. Scheme of the dihedral angles used for the PES scan of
package’? using the B3LYP functiondlf London orbitals, i.e., (IR2R4R)-2: @ = C1-C2-C—0, f = C1-C2-0-0, y = C2-
gauge including atomic orbital (GIAO), are not supported within - _o—H, where C1 and C2 are on the camphor skeleton and numerated
the TURBOMOLE package and, as a consequence, the resultsaccording to IUPAC.
turn out to be dependent on gauge origin. Within TURBOMOLE
the origin dependence is removed by using the dipole velocity tion functions even on hydrogens, keeping the calculation at a
formalism, which allows only pure DFT functionals. However, feasible level.
pure functionals provide less accurate results forGhéensor
than hybrid functionals such as B3L¥PTo reduce the origin 4. Results and Discussion
dependence of the computed optical rotations, some care has

been paid to the basis set choice. It is very well kn&what The flexibility of both molecule_s has been investigated b_y
in a translation of the coordinate frame origiti,= r' + d, the means of HF/6-31G* PES (potential energy surface) scans with
G’ tensor changes according to respect to the orientations of the OH, OOH, and furyl groups,

as the camphor structure remains substantially unchanged; see
W Figures 3 and 4 for the definition of the dihedral angles
Gap(r) = G (') = 5 €70 s Oy (5) employed in the search.

For each found conformer, the molecular geometry has been
where o is the electric polarizability in the mixed length successively re-optimized at the DFT/B3LYP/6-31G** level of
velocity formalism, an(]ﬂ(r”) = ﬁ(r') as far ast is a symmetric theory using the Gaussian 98 pack&@m this way, six distinct
tensor, which is true only in the limit of a complete basis set conformers &—f) have been found for both RI2R 4R)-1 and
calculation. Conversely, within the algebraic approximation, the (1R2R4R)-2, confirmed to be true PES minima being all
mixed length-velocity polarizability turns out to be an asym- computed vibrational frequencies real quantities.
metric tensor and the calculated optical rotations are origin ~ Table 2 collects the results obtained for the alcohol and, in a
dependent. This difficulty is usually removed by adopting either similar fashion, Table 3 collects the results relative to the
London orbital basis sets or the dipole velocity formalism. hydroperoxide. For each conformer, the calculated energy, free
However, a heavy basis set dependence of the results remainsenergy, population worked out for both energy and free energy
In light of eq 5, it can be seen that one way to reduce both the differences andd]p, are reported.
basis set and gauge origin dependencies, and concurrently to As can be observed, RI2R,4R)-1 and (IR, 2R 4R)-2 present
improve the computed optical rotations, would be to chose a two conformersa andb, which are predominant in terms of
basis set designed to provide optimum molecular electric population and are characterized by quite similar orientation of
polarizabilities. The polarizability consistent Sadlej basid*set the furyl group with respect to the camphor skeleton; see the
is one of these. It is a (10s6p4d/6s4p) set of primitive Gaussianvalues of dihedral angle. In the case of the alcohol also
functions contracted to [5s3p2d/3s2p] according to the schemeconformersc and d present not negligible populations. The
(52111/411/22//1411/22), and, actually, it has been found to computed values of specific rotation (last column of Tables 2
provide optical rotations as accurate as those resulting byand 3) change greatly, passing form one conformation to
employing a much larger basis eétior example, the aug-cc-  another; hence the final results will depend strongly on the
pVTZ. Therefore, the Sadlej basis set has been here adoptedchosen population values.

For the results reported hereafter, the gauge origin has been Looking at the predicted specific rotations collected in Table
chosen to be in the molecular center of mass and, in accordancet, one can see that the results obtained by averaging the optical
with the good performance of basis set, the origin dependencerotations of the various conformers using populations calculated
of the results has been found small, i.e., about 8% in averagefrom energy differences (column 2) are correct in sign but
moving the origin from the center of mass to carbons C1 and present appreciable deviations from the experimental data going
C2 of camphor and on the oxygen of the hydroxyl group. As from 15’ for the alcohol to 26-30° for the hydroperoxide. These
has been clearly demonstreet® the Lorentz effective field result are within the intrinsic error of the calculational meth-
correction leads to very inaccurate results. Moreover, a meth- odology, which is ca. 2630° for[a]p.>° However, the results
odology does not yet exist which predicts the solvent effects obtained using populations worked out from free energy
with uniform reliability 2°° Therefore, solvent effects and Lorentz  differences (column 3) are in better agreement with the
effective field correction have been ignored. Because, as in experimental data. In this case the deviations from the intrinsic
particular in our case, vibrational contributions to optical rotation rotations are 4 and 0-2L0°, respectively. Returning to Tables
cannot be easily determined, they have not been considered2 and 3, it can be noticed that, for both molecules, passing from
However, for the extra effort required to calculate the vibrational energy to free energy, the population of conforraelecreases
frequencies needed to obtain free energy populations, a little and that ofb increases. Interesting enough, in the case of the
care has been paid by choosing a basis set containing polarizaalcohol, the calculation provides an inversion of populatton,
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TABLE 2: Structures, Energies, Free Energies, Populations andd]p; of the Various Stable Conformers Found for

(IR,2R,4R)-1
conformer o B2 AEP AGPe X(AE)? X(AG)® [adp;f
a 90.0 176.2 0.000000 0.000000 51.66 43.03 56.4
b —-72.1 79.2 0.146097 —0.030748 40.37 45.33 —-91.9
c —61.7 173.3 1.388323 1.132027 4.96 6.37 —105.1
d 79.4 54.0 1.875253 1.371736 2.18 4.25 28.9
e 87.7 —36.5 2.507986 2.344376 0.79 0.91 18.6
f —61.7 —26.4 3.881924 3.188376 0.07 0.20 —117.5

aDFT/B3LYP/6-31G** dihedral angles in deg, for definition, see Figuré B kcal/mol. ¢ At 298.15 K including the zero-order energy correction.
d Percentage populations obtained frds& values using the Boltzmann statisti€®ercentage populations obtained frax(® values using the
Boltzmann statistics.In deg [dm(g/crd)] %, calculated at TDDFT/B3LYP level of theory adopting the polarizability consistent Sadlej basis set,
neglecting solvent and vibrational effects.

TABLE 3: Structures, Energies, Free Energies, Populations andd]p; of the Various Stable Conformers Found for
(1R, 2R 4R)-2

conformer o8 B2 y2 AEP AGPe X(AE)? X(AG)® [o]p;f
a 97.1 —169.1 —79.9 0.000000 0.000000 85.98 60.52 —19.5
b —72.3 —174.6 —96.6 1.107786 0.281752 13.25 37.62 —106.5
c 116.8 72.5 90.0 3.156715 2.405872 0.42 1.04 97.9
d —35.6 77.0 95.1 3.354140 2.630520 0.30 0.71 108.2
e —39.2 82.8 —-101.4 4.650866 4.022336 0.03 0.07 —21.1
f 101.6 72.8 —110.7 4.973033 4.437120 0.02 0.03 —41.4

aDFT/B3LYP/6-31G** dihedral angles in deg, for definition, see Figuré h kcal/mol. ¢ At 298.15 K including the zero-order energy correction.
d Percentage populations obtained fréx& values using the Boltzmann statisti€®ercentage populations obtained fréx® values using the
Boltzmann statistics.In deg [dm(g/cr)] %, calculated at TDDFT/B3LYP level of theory adopting the polarizability consistent Sadlej basis set,
neglecting solvent and vibrational effects.

TABLE 4: Calculated Specific Rotations and Experimental

in a rule of calculation, the study of further cases must be
Intrinsic Rotations in deg [dm(g/cm?)]~? of (1R,2R,4R)-1 and

undertaken to provide statistical significance to the method.

(1R,2R4R)-2

[odo [o]o (free 5. Conclusions
(12,222;'; 1 (ene_rgiézopg) eneigzy;:pé]) [a]_[,z(jzp)c [(x]_DZ(?(fP . Ir_1 the pre_sem paper, on the basis of TDDFT ce_llculgtion of
(IR2R4R)-2 —30.2 501 503 601 ptical rotation, it has been demonstrated, for the first time, the

possibility of determining the absolute configuration of a tertiary

2 Conformational average obtained using populations calculated from enantiopure hydroperoxide by knowing its optical rotation,
?jcmg't‘ézsf-:oi‘z‘éo\r/gig‘;”g average ﬁﬁfﬁ's?f?otifﬂ? inpgﬁluo'rag'ons without the need of further chemical derivatization. In consid-
form under ambient temperature, this wothntrinsic rotation in hexane era.tlon of the growing Interegt n .the syntheSI.s an.d use of
under ambient temperature, this work. optically pure alkyl hydroperoxides in asymmetric oxidations,

a direct method for the determination of absolute configuration
can be useful and an alternative to experimental methodologies.

being a little more stable thamin terms of free energy. As the  The results obtained confirm the reliability of the computational
specific rotation of conformeb of both molecules is largely  protocol suggested by Stephens ef &br the treatment of
negative, the predictions fon]p obtained using populations  flexible molecules exhibiting several stable conformations.
derived from free energy differences are more negative and Moreover, using populations worked out from free energy
closer to experimental values. differences, an excellent agreement with the experimental data

An interpretation of this result can be given, for both of optical rotation is achieved, thus stimulating their employment
molecules, in terms of vibration, translational and rotational instead of the commonly used PES minimum differences.
contributions to free energy being almost the same for all
conformations. The calculation shows that the zero-point energy  Acknowledgment. Financial support provided by the Uni-
does not contribute to the difference of stability betwaemd versita degli Studi di Salerno and the lItalian Ministero
b, whereas a negative contribution #8G comes almost dell'lstruzione, dell’'Universitae della Ricerca (MIUR) is
exclusively from the entropic term, which makes plausible the gratefully acknowledged. We thank Prof. P. J. Stephens for
idea of a larger number of vibrational states available for Stimulating discussions and suggestions. Special thanks are due
conformerb with respect to conformea. This has evidence in  to Prof. C. Rosini and Dr. E. Giorgio for the many discussions
the fact that, for both molecules, many vibrational frequencies and for the help provided to record the CD spectra.
of b, in particular the lowest ones, have been found smaller
than those of.

In conclusion, the specific rotations calculated fdR @R 4R)-1
and (IR,2R,4R)-2 match quite nicely the experimental data,
thgrefore cpnfirming the assignment of the absolute.configu- K. L: Jargensen, P.; Olsen, Baraday Discuss1994 99, 165.
ration previously obtained. The match seems to be improved  (3) (a) Polavarapu, P. IMol. Phys.1997 91, 551. (b) Polavarapu, P.
by using populations deri_ved from free energy. Hov_vever, it IBEtrJahAegqrog:héﬁq/mgﬁgggZISZ, QSPé%. O(C)(dP)oFli;/IgLaar;t;, E. IE;EhaZkgzgortcy,
should be remarked that (i) energy and free energy differencesc; oo oot 002590 027 &) Pojavarapu, P 1 : Chakraborty, D.
rely on approximate theory; (ii) solvent and vibrational effects

' ' ! K. Chem. Phys1999 240, 1. (f) Polavarapu, P. L.; Zhao, G. Am. Chem.
have not been included. Then, before this result is transformedSoc.1999 121, 246.
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